Abstract. Four months of moored current, pressure, temperature, conductivity, wave, and wind observations on the North Carolina shelf indicate three dynamically distinct regions: the surf zone, the inner shelf between the surf zone and the 13-m isobath, and the midshelf. In the surf zone the along-shelf momentum balance is between the cross-shelf gradient of the wave radiation stress and the bottom stress. The linear drag coefficient in the surf zone is about 10 times larger than seaward of the surf zone. On the inner shelf the along-shelf momentum balance is also frictional; the along-shelf wind stress and pressure gradient are balanced by bottom stress. In the cross-shelf momentum balance the pressure gradient is the superposition of roughly equal contributions from the Coriolis force (geostrophy) and wave setdown from shoaling, unbroken surface gravity waves. At midshelf the along-shelf momentum balance is less frictional and hence flow accelerations are important. The cross-shelf momentum balance is predominantly geostrophic because the greater depth and smaller bottom slope at midshelf reduce the importance of wave setdown. The cross-shelf density gradient is in thermal wind balance with the vertical shear in the along-shelf flow in depths as shallow as 10 m. The dominant along-shelf momentum balances provide a simple estimate of the depth-averaged, along-shelf current in terms of the measured forcing (i.e., wind stress, wave radiation stress divergence, and along-shelf pressure gradient) that reproduces accurately the observed cross-shelf variation of the depth-averaged, along-shelf current between the surf zone and midshelf.
All time series (with the exception of surface wave data) were block averaged to hourly values centered on the hour. The focus is on subtidal dynamics, so time series were low-pass filtered (half-power point 38 hours) unless noted otherwise. All vector time series were rotated to a coordinate system based on the coastline orientation (Figure 1) , with the along-shelf coordinate y positive toward 340øT and the cross-shelf coordinate x positive offshore. Obvious biases and drifts in some conductivity time series were identified and corrected by comparisons with adjacent moored conductivity cells and shipboard conductivity-temperature-depth (CTD) data obtained near the moorings [Alessi et al., 1996; WaMorf et al., 1995 WaMorf et al., , 1996 . Data were discarded from near-bottom conductivity cells that drifted substantially in late October, presumably because of fouling by suspended sediment. Salinity and density were estimated using the temperature and corrected conductivity [Fofonoff and Millard, 1983 ]. Pressure time series from sensors mounted on anchors (water depths greater than 8 m) sometimes show positive shifts of 1-30 mbar during storms, presumably owing to scouring and settling of the anchors. Anchor shifts greater than 1 mbar were identified and removed by comparison with time series from other near-bottom pressure sensors (rigidly mounted on jetted pipes in shallower water) that did not shift. A more detailed description of data return and initial processing, including correction of conductivity time series and removal of anchor shifts from pressure time series, is given by Alessi et al. [1996] .
Overview of Observations
The dominant timescale of wind variability is a few days, associated primarily with the passage of cold fronts [Austin and Lentz, this issue]. Comparison of winds from the FRF pier (8-m depth), the 21-m site, and several National Data Buoy Center (NDBC) buoys in the region indicate that subtidal winds did not vary substantially across the 16-km cross-shelf extent of the study region during the field program (section A2). Wind directions are typically 45 ø to the coast, either poleward (upwelling favorable) and offshore or equatorward (downwelling favorable) and onshore. The strongest wind stresses (section A1) were associated with nor'easters (downwelling favorable) (Figure 3 ). Significant wave heights Hsig at the 8-m wave array ranged from 0.2 to 4 m ( Figure 3 ) and are correlated with the wind stress magnitude. Hourly averaged wave directions at the array ranged between +50 ø and -50 ø from normally incident, i.e., wave crests parallel to the coast.
Along-shelf current variance over timescales from hours to weeks is dominated by subtidal variability. At all five sites the correlation between subtidal along-shelf currents at different levels in the water column is greater than 0.75 (the 95% confidence level for a correlation significantly different from zero is 0.45, assuming a decorrelation timescale of 3 days and 60-day-long time series). Subtidal along-shelf currents tend to decrease by roughly a factor of 3 from near the surface to near the bottom. The much weaker subtidal cross-shelf currents u are not well correlated over the water column at any site and are often in opposite directions near the surface and bottom. Depth-averaged and subtidal (e.g., low-pass filtered, section A1) currents are considered here unless otherwise noted.
The mean, depth-averaged, along-shelf flow • is equatorward at all five sites, 9 cm s -1 at the 13-m site and 4-5 cm s -1 at the 4-and 26-m sites (Table 1) . Although the data do not span the same time period (Figure 3) , the cross-shelf structure for a shorter common time period is similar.
The principal axes of the depth-averaged currents are along shelf to the accuracy of the measurements (•5 ø) with standard deviations of 13-20 cm s -1 (Table 1) . Correlations between depth-averaged, along-shelf currents measured at the five cross-shelf sites range from 0.64 to 0.94. In contrast to the depth-averaged, along-shelf flow, both the means and standard deviations of the depth-averaged cross-shelf flow 5 are small relative to the accuracy of the current measurements (2-3 cm s -1) [Beardsley, 1987; Guza et al., 1988] . Depth-averaged, cross-shelf currents at different moorings are generally not correlated, consistent with error-dominated measurements and/or unresolved spatial variation of the current. In either case, estimates of terms in the momentum balances associated with 5 must be interpreted cautiously. Though a few centimeters per second or less, • may still be important for cross-shelf exchange because the inner shelf region is so narrow.
The vertical structure of temperature evolved dramatically during the study (Figure 4a ). In August, 23øC near-surface water and deeper 17øC water were separated by a strong thermocline centered about 10 m below the surface. Wind-driven upwelling (downwelling) of the thermocline in August resulted in large cross-shelf temperature gradients onshore of the 26-m site as the thermocline shoaled (deepened) and formed a surface (bottom) front. The water column was vertically mixed at least as far offshore as the 26-m site in response to strong winds from the northeast in early September. A strong thermocline did not redevelop and temperature differences across the water column often were much less than 2øC from September through November.
Despite the strong thermocline in August, both vertical (Figure 4) and cross-shelf density gradients were dominated by salinity variations. The primary source of salinity variability was narrow, shallow plumes of relatively fresh water, presumably from Chesapeake Bay [Rennie et al., this issue]. The Chesapeake Bay plume flowed into the study region generally during downwelling-favorable winds and was typically confined inshore of the 21-m isobath until it was swept offshore by upwelling-favorable winds. When the Chesapeake Bay plume was not present, salinities generally increased with depth and distance offshore, consistent with historical data [Boicourt, 1973] . Vertical salinity (and hence density) gradients tended to be large during August and small during October when there was strong wind and wave forcing (Figure 3 ).
Momentum Balances
The depth-averaged momentum equations, assuming hydrostatic flow and small sea level variations compared with the water depth, are 7  20  2  -1  61  13 m  -1  -9  19  2  -4  66  21 m  -1  -8  18  2  -3  69  26 m  -2  -5  13  2  2 (Table 2 ) and correlated with a regression coefficient near 1.0 (Table 3) . Time series of surface and bottom stress are correlated at all sites (Table 3) salinity variations and is substantial even when the water column is not stratified (e.g., early October). These estimates indicate that, at least along the 21-m isobath at this site, density estimates are critical for accurate estimation of along-shelf pressure gradients.
Cross-Shelf Momentum Balance
In the surf zone the standard deviation of (poh) -• 0 Sxx/O x is several orders of magnitude larger than standard deviations of the other terms in the cross-shelf momentum balance (Table  4) (Table 5) and are larger than the other terms (Table 4) Integrating (7) in time yields [Lentz and Winant, 1986] ' 10P
•e =
P0 0y p0h 10_Sxy I -(t-t')/Tf -(t-to)/Tf p0h Ox } e dt' + 3oe (8) where T/= h/r is a frictional timescale and 3o = 3(t = to).
On the basis of (7) Table 2 
Summary
Estimates of terms in the along-shelf and cross-shelf momentum balances indicate three dynamically distinct regions: the surf zone, the inner shelf between the offshore edge of the surf zone and the 13-m isobath, and the midshelf extending offshore of the 13-m isobath (Figure 16 ). Consistent with previous studies, breaking surface gravity waves provide the dominant forcing in the surf zone. The cross-shelf divergence in the cross-shelf component of the wave radiation stress OSxx/OX is much larger than the other estimated terms, suggesting it is balanced by a cross-shelf pressure gradient (i.e., wave setup that could not be estimated with these data). The present estimates also support previous conclusions [Thornton and Guza, 1986; Feddersen et al., 1998 ] that the cross-shelf divergence in the along-shelf component of the wave radiation stress O Sxy/OX is largely balanced by bottom stress. This balance requires a linear drag coefficient for the subtidal flow in the surf zone that is about 10 times larger than the drag coefficient seaward of the surf zone.
The cross-shelf momentum balance at midshelf is predominantly geostrophic; that is, the Coriolis force due to the alongshelf current balances the cross-shelf pressure gradient, as found elsewhere [Brown et al., 1985 [Brown et al., , 1987 Lee et al., 1984 Lee et al., , 1989 . At this site the along-shelf flow is geostrophic into fairly shallow water, the 21-m isobath. The along-shelf momentum balance at midshelf is more complex. The wind stress and the along-shelf pressure gradient terms are similar in magnitude and are balanced by both accelerations and bottom stress, consistent with previous studies [ 10 -2 N m -2. These differences are presumably from both instrument inaccuracies and spatial variations in the wind, which is assumed to be spatially uniform. Thus the estimated uncertainty is 3rs/(po h) with 3r s = 3 x 10 -2 N m -2. Another major source of uncertainty is the drag coefficient in shallow water and its dependence on sea state and wind direction (fetch). A summary of drag coefficient estimates in shallow water by Geernaert [1988] suggests uncertainties of about 20%. Recent evidence suggests the drag coefficient over the inner shelf may be different for onshore and offshore winds [Friedrichs and Wright, 1998 ]. Uncertainties in the bottom stress term owing to uncertainties in the current measurements are r 3u/h. However, of more concern is the dependence of r on factors such as waves, bottom roughness, and stratification, and, more generally, the appropriateness of a linear drag law for parameterizing bottom stress. A comparison of the linear drag and log-profile estimates of bottom stress at the 21-m site is given in section A3.
The radiation stress gradient estimates are crude. Errors are due to uncertainties in the bottom slope, errors in linear theory, and errors in model-based estimates of the breaking wave dissipation rate. The radiation stress gradient estimates for nonbreaking waves are probably accurate within 50% but may be less accurate for breaking waves. When the fraction of waves breaking is low, but not negligible, as occurs in the region bordering the seaward edge of the surf zone, the true Sxx gradient changes sign and the estimates may have larger fractional errors and/or the wrong sign. Bottom stresses are estimated from the tripod and tetrapod data using a log-profile technique [e.g., Kim et al., 1997] . Only the two sensors closest to the seafloor are used to estimate bottom stress, as there is curvature in the speed profiles, perhaps because the water column is often stratified within a few meters of the bottom. Using the lowest three, rather than the lowest two sensors, has little effect on the bottom stress estimates, except during October, when the profile curvature is persistent and strong.
The along-shelf bottom stress estimates from log profiles and the linear drag law agree well ( Figure A1 ). Zero-lag correlations are 0.79 or greater for each tripod/tetrapod deployment and for the combined time series (Table A2 ). The most notable discrepancies are the three events in October, when the log-profile estimates yield bottom stresses that are about twice as large as the linear drag law ( Figure A1) . It is unclear which estimate is more accurate. If log-profile estimates of bottom stress are used instead of linear drag law estimates, the correlation between forcing and flow response at the 21-m site is slightly (though not significantly) increased, from 0.88 (Table  3) to 0.91. Correlations between linear and log-profile bottom stress estimates are smaller for the weaker cross-shelf component of bottom stress (Table A2 ), but the magnitudes of both estimates are similar and much smaller than other terms in the cross-shelf momentum balance (Table 4) . As log-profile estimates are available only at the 21-m site, the linear drag law is used at all sites.
